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Abstract
This paper describes the early ﬁndings of a research project to investigate the development of design processes to achieve reduced Whole Life
Cost (WLC) within the aerospace industry, with a main focus on civil large engines (CLE).
An investigation has been performed into the means of inﬂuencing the design decision processes through the analysis and in-depth understand-
ing of the key in-service cost drivers. A three-level approach has been proposed to improve and, in some cases, to ensure information ﬂow to
enable best possible decisions on the early system design stage. A mapping of the in-service cost drivers has been made to each level of approach
to raise the awareness, to educate and ﬁnally, to directly inﬂuence system design engineers decisions.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Programme Chair of EPSRC Centre for Innovative Manufacturing in Through-life Engineering Services.
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1. Introduction
System design decisions, especially in the early stage of the
design process, have a considerable impact on the Whole life
cost (WLC) of the system. It has been shown in literature,
based on empirical assessment, that about 70% to 85% of the
total product cost is committed at the early stage of the design
process, yet the design phase itself accounts only for approxi-
mately 5% to 15% of the total development cost [1]. The con-
sequences of taking early decisions without the beneﬁt of the
right information can be very expensive taking into account that
each stage of the design process increases the cost of potential
changes about tenfold [1].
The classical approach to increase the proﬁt is to raise the
selling price, decrease the cost, or a combination of both. In the
case of service oriented organizations, such as Rolls-Royce of-
fering the TotalCare R© maintenance agreement, the proﬁtability
strongly relies on the margin between ﬁxed service price (often
agreed even before the product is available /manufactured) and
the cost of providing the agreed services [2]. In such a case the
aim is to widen this margin by means of reducing costs while
ensuring the maintenance agreement is priced at a competitive
level.
The aim of this research is to address the need for im-
provement of design processes for WLC reduction. In order
to achieved this aim a number of research objectives have been
set out. The ﬁrst is to assess the WLC of existing designs, the
second is to transfer this assessment to service engineers, and
ﬁnally the third is to provide designers and requirements set-
ting engineers with a tool to optimise the new design in early
product development stage. This paper describes the proposed
three-level process developed to address the outlined aim and
objectives.
Nomenclature
CLE Civil Large Engines
CR Check and Repair
D4S Design for Service
LCC Life Cycle Cost
SV Shop Visit (maintenance)
WLC Whole Life Cost
2. Whole Life Cost and Life Cycle Cost
In this section a deﬁnition of Whole Life Cost (WLC) and
Life Cycle Cost (LCC) is given, followed by a discussion on
possible LCC, and subsequentWLC, reduction. In the literature
theWLC and LCC are often used interchangeably. In [3], based
on the experience from construction industry, it is claimed that
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WLC and LCC are synonymous with the diﬀerence that, un-
like LCC, a WLC is a dynamic approach to through-life cost
analysis and cost forecast.
2.1. Deﬁnition
In the literature LCC is deﬁned in the Association of Cost
Engineers (AcostE) and the American Association of Cost En-
gineering (AACE) handbooks as “the whole life cost of the as-
set including capital expenditure, ongoing maintenance, future
repair and / or renewal and eventual disposal” [4,5]. In another
cost engineering handbook by Humphreys [6] the LCC is de-
ﬁned as sum of “initial investment costs (less resale value), re-
placements, operation (including energy use), and maintenance
and repair of an investment decisions (expressed in present or
annual value terms)”. Systems Engineering (SE) handbook [7]
deﬁnes LCC as “the total cost to the organization of acquisi-
tion and ownership of a system over its entire life. It includes
all costs associated with the system and its use in the con-
cept, development, production, utilization, support and retire-
ment stages.” In [8], where NATO code of practice of life cycle
analysis for military systems is speciﬁed, the LCC is deﬁned
as sum of direct costs (i.e. all costs that can be allocated to
a system / product) and indirect variable costs (i.e. costs that
can be associated to several systems / products and is ﬂuctuat-
ing with a characteristics of the system / product it refers to).
WLC is then deﬁned in [8] as the sum of LCC, total ownership
costs (TOC) and costs that are not-directly linked with a system
(staﬀ, academies, recruiters, etc.). TOC includes the same cost
components as LCC and in addition costs that may be linked
with several systems and cannot be distributed between them
(e.g. cost of infrastructure). Similarly, in [9] where modern
gas turbine systems are discussed, the LCC is deﬁne as “the to-
tal cost of ownership to the customer of acquisition, operation
and maintenance and disposal of a product over the whole life
cycle”. Other available deﬁnitions include research and devel-
opment (R&D) cost in the LCC (e.g. [10]).
It is clear that there are diﬀerent ways of interpreting the
LCC the inclusion of diﬀerent parts of the product life-cycle,
the inclusion of direct and indirect costs incurred as a result of
decisions made.
In this work a distinction is made between WLC and LCC;
we assume that LCC is incurred from a system entry into ser-
vice (EIS), throughout the growth, maturity and ﬁnally the
retirement (decline, disposal and obsolescence) of a system
whereasWLC includes cost associated with acquisition, such as
design development and manufacturing costs. Figure 1 shows
the WLC and LCC incurred during a product life cycle stages.
Design Entry
into
Service
Growth
Maturation
Decline
Obsolescence
Product
Life Time
Whole Life Cost (WLC)
Lice Cycle Cost (LCC)
Manufacturing
Development
Fig. 1. Adopted approach: WLC and LCC incurred during a product life cycle
stages.
The LCC is, as described above, a subset of a system WLC.
Reduction of LCC, providing that the other costs elements of
WLC (e.g. design and development costs, manufacturing costs,
etc.) are constant or are varying insigniﬁcantly, will result in the
reduction of WLC. The main focus of the presented research is
on an aircraft gas turbine, speciﬁcally civil large engines (CLE).
In CLE the LCC is intensely impacted by three main direct
causes: engine removal (oﬀ-wing), module exposure1 as part
of maintenance processes, and cost of scrap and / or repair.
The indirect part of LCC is mostly driven by eﬀects of dis-
ruptive events, such as delays and cancellation. Over decades a
signiﬁcant eﬀort has been made to minimize LCC through op-
timal use of system / component life via best possible mainte-
nance decisions, which includes the scheduling, diagnosis, and
logistics. In this work the approach to achieve reduced LCC,
and subsequently reduced WLC, by means of improvement of
design processes is proposed and described (e.g. [9,11]). The
main goal for designers is to understand and acknowledge the
impact of their design decisions upon a system LCC.
The ﬁrst step in the proposedmethod is to analyse the key in-
service cost drivers using historical maintenance data-records,
described in detail in Section 3. The main purpose of key cost
drivers analysis is to identify and address the most expensive
drivers to achieve the biggest impact on WLC / LCC.
3. Cost drivers analysis
The gross proﬁt from the service is the diﬀerence between
the market price for the provided service and the cost of pro-
viding the service. Thus, the larger the diﬀerence is, the higher
opportunity and potential proﬁt can be achieved. From the ser-
vice provider viewpoint the top-level cost categories are: op-
erational maintenance costs (line maintenance, small repairs),
shop visit (SV) costs (overhaul, major repair), lease and war-
ranty costs and the disposal cost (known also as the end of life
cost). Among these, the major part of the LCC is driven by the
direct and indirect shop visits, which includes the maintenance
and check and repair (CR) incurred costs. A top-level view is
captured in Figure 2.
Direct costs are related to the cost of maintenance, repair,
test and (re-)certiﬁcation. The indirect costs are related mostly
to the loss of revenue due to unavailability (when an aircraft
or engine is not generating revenue then it is generating losses)
and, the impact on the airline operations, which includes crew
transfer, liabilities towards passengers and airport, over-night
accommodation, overall customer dissatisfaction, etc. (for fur-
ther information see [12]).
3.1. In-service data analysis
The goal of in-service data analysis is to provide a clear view
of how the system is performing. Such analysis is important not
only to unveil where the costs reside, but also to estimate the
possible saving if cost mitigation actions are to be implemented.
This can include changes in maintenance polices, system design
1A module exposure is a part of maintenance action in which a module is
opened (disassembled) in order to perform diagnostics or repair actions. An ex-
ample of the engine high pressure turbine (HPT) module exposure is to remove
the ﬁrst or the second stage HPT rotor from the HPT case.
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Cost of providing the service
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Fig. 2. Service cost breakdown structure showing the main cost components of
LCC from the service provider perspective.
updates and modiﬁcations, etc.
This paper is part of a larger research project in frames of
which a thorough investigation of in-service cost drivers of CLE
has been completed. In this paper ﬁndings from the cost drivers
analysis are used without dwelling into details of how the anal-
ysis has been done, since it is outside the scope of this investi-
gation.
In essence, cost drivers are identiﬁed as the primary causes
leading to SV and / or causes of disruptive events. In both cases
a monetary cost is assign to each component or failure mecha-
nism that is driving the SV.
3.2. Required data
Data required for analysis of the in-service cost drivers are
divided into two categories: the ﬁrst category is the direct cost
of the service provision, and the second category is the indirect
cost as an eﬀect of unplanned (disruptive) events. Assuming the
correct and up-to-date maintenance and overhaul records exist,
the ﬁrst category is relatively easy to estimate.
In real-life the access and content of maintenance and over-
haul records often introduces challenges to the correct assess-
ment of the direct costs. The indirect costs are diﬃcult to es-
timate, thus certain assumptions have to be in place to consis-
tently evaluate these costs. An example of Rolls-Royce strategy
to collect and manage the in-service reliability data is described
in [2] where the diﬃculties and challenges of such activities are
highlighted.
3.3. Cost drivers analysis results
As a part of ongoing eﬀort in the reliability and performance
improvement the in-service reliability data (the SV drivers and
disruptive events causes) have been analysed. In Figure 3 the
outline of the approach taken to analyse cost drivers is depicted.
Firstly the maintenance SV and operation (disruptive events)
data have been processed and analysed, followed by synthesis
of the obtained results.
Maintenance
data
Operation
data
Data
(Pre)Processing
Data
Analysis
LCC /
Cost Drivers
List
Pareto
Analysis
Data
Analysis
Synthesis
Fig. 3. Key in-service cost drivers (LCC) analysis - outline of approach.
It has been identiﬁed that a large proportion of the overall
LCC is caused by relatively small number of cost drivers (the
combined SV and disruptive event cost) as the Pareto philoso-
phy predicts. Thus, in order to reduce LCC, and subsequently
WLC, the focus can be narrowed down to the most contributing
cost drivers.
4. Towards reduction of WLC / LCC
In-service data collection and analysis is used for many dif-
ferent purposes, including: estimation of the cost per ﬂight
hour, veriﬁcation of end customer requirements, safety and reli-
ability analysis, future program support and other speciﬁc needs
[2]. In this work the main purpose of in-service data analysis is
to provide the data-driven evidence to specify possible improve-
ment toward the reducedWLC / LCC. A three-level process has
been developed as part of this research work, details of which
are outlined below.
4.1. The proposed method
The three-level approach is proposed to tackle the problem
of design process improvement for WLC / LCC reduction. In
Figure 4 a block diagram of the method is shown.
The provision of in-service data, followed by detailed anal-
ysis to identify the key cost drivers is assumed (as described in
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Fig. 4. Three-level process to achieve LCC and WLC reduction.
Section 3) as a starting point. Once the cost drivers analysis is
complete, further steps are undertaken, as described below.
Level 1: Current status..
Analysis of in-service data is the vital part of the on-
going constant reliability improvement program, therefore
historic records exist, or can be obtained based on his-
torical data available to the analyst. In the ﬁrst level of
the process the currently identiﬁed cost drivers are being
compared to the previous records in order to understand
and assess the current status. This enables conﬁrmation of
ongoing eﬀorts towards the reduced LCC and set the new
targets.
Level 2: Training..
Findings of level 1 are now used to create training ma-
terials to share the acquired knowledge, and to raise the
awareness among the project management and the directly
involved engineers. It becomes increasingly important to
train and educate staﬀ to ensure conscious and optimal de-
cisions at every level of the design and service support.
Activities at level 2, such as development of training
material, compilation of current status reports and further
synthesis of the cost drivers analysis results directly im-
pact the Design for Service (D4S) engineers, who provide
the interface between the LCC analysts (and their ﬁndings)
an the rest of the business. Equippedwith tools and knowl-
edge, D4S engineers can now get involved in the combined
eﬀorts to reduce WLC / LCC. Further details of D4S can
be found in [13,14].
The feedback loop has been also introduced to enable
LCC analysts to gather D4S engineers experiences and
comments in order to improve the data analysis and en-
sure the results of level 1 are ﬁt for purpose.
Level 3: Design aid..
At this level the proposed process is targeting system
designers and those responsible for setting requirements
can also beneﬁt from the outcome produced at this level.
Based on the cost drivers analysis and in-depth under-
standing of the key SV drivers and causes of disruptive
events, a set of alternative system design is generated to
enable reduction of WLC / LCC.
As part of the research a prototype software tool has
been developed to aid the risk assessment in terms of con-
ﬁdence that a product or service will satisfy given require-
ments. This tool enables designers and requirements engi-
neers to assess the new requirements against the previous
designs in order to evaluate its feasibility and subsequently
the risk of failing to satisfy the new requirements.
The feedback loop implemented at the level 3 of this
process is intended to enable designers and requirements
setting engineers to inﬂuence, based on their experience,
the way cost drivers are analysed. This will ensure the best
possible approach to analyse and present in-service cost
drivers to maximise the impact on WLC / LCC reduction.
4.2. Impact on WLC / LCC reduction
At each level of the proposed process the reduction of WLC
/ LCC can be addressed with a diﬀerent level of impact. Level
1 and 2 are design to increase the awareness and to provide the
outlook of the AS-IS in-service costs among the relevant stake-
holders. It is seen as an in-direct impact on WLC / LCC re-
duction. At level 3, however, activities are designed to directly
impact a system design to enable reduced WLC / LCC. Figure
5 depicts the trade-oﬀ between complexity of data analysis and
the impact on the cost reduction at each level of the described
design improvement process.
The trade-oﬀs shown in Figure 4 are based on past experi-
ences and lessons learnt. Thus, a detailed analysis of the impact
on cost reduction complexity (e.g. in terms of required experi-
ence, ﬁnancial cost, time, etc.) of actions at each level of this
process is required to justify expenditure of resources employed
to achieve reduced WLC.
4.3. Challenges
The process described in this paper is a part of ongoing re-
search work, part of which is identiﬁcation of possible oppor-
tunities and challenges in achieving a reducedWLC. A number
of challenges have been identiﬁed during this research work.
The provision of adequate data to enable cost drivers analysis is
one of the main challenges. Poorly executed maintenance and
operation data collection can lead to failure in tackling issues
that cannot be addressed or are insigniﬁcant, at the same time
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Fig. 5. Trade-oﬀ between complexity and impact on system design decisions.
in overlooking the major issues that should be addressed to im-
pact LCC. The next challenge is the level of expertise and expe-
rience required at each level of the proposed process to address
LCC reduction. A careful consideration should be also made
to ensure, while reducing the LCC, the WLC is not being in-
creased e.g. due to additional manufacturing cost, maintenance
cost.
5. Conclusions and further work
In this paper the research work carried out towards the re-
duction of whole life cost (WLC) and life cycle cost (LCC) has
been described. The main focus is on aircraft civil large engines
(CLE) requirements setting and design architecture processes.
The initial review of the relevant literature showed the ambigu-
ity of WLC and LCC deﬁnitions and that some deﬁnitions of
WLC and LCC are used interchangeably. In this work the dis-
tinction is made between WLC and LCC, keeping in mind on
inﬂuence the LCC may have over the WLC. Direct and indirect
cost components of LCC have been speciﬁed and the complex-
ity of the actual LCC estimation has been highlighted.
A three level method to improve system design process ad-
dressing cost reduction has been developed and described in
this work. As an initial step the analyses of in-service cost
drivers has been performed in order to deﬁne and to target the
most expensive, in terms of LCC, system components. In this
analysis a distinction is made between the direct cost of shop
visits (e.g. cost of repair, unit price, man-hours) and the indirect
cost of the consequences of disruptive events (e.g. cost of de-
lays and cancellation especially in a service-oriented business
environment). The results obtained show that relatively small
numbers of components contribute to the majority of LCC, as
the Pareto philosophy predicts.
The ﬁrst two levels, i.e. level 1: analysis of current state and
level 2: the training and educational tools, have been success-
fully implemented. It has been suggested that the complexity
of data analysis is correlated with the impact on WLC / LCC,
as shown in Figure 5; the level 1 is the least and level 3 is the
most demanding in terms of complexity, thus the diﬀerent level
of impact on WLC / LCC, step in the proposed design improve-
ment process.
A number of challenges have been speciﬁed to achieve the
WLC / LCC reduction via the proposed three level design pro-
cesses improvement, among which the provision of adequate
data and the required expertise and experience at each level of
the approach have been stated.
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